Abstract Purpose: BAY 50-4798 is an analogue of interleukin-2 that selectively activates T cells over natural killer cells.This phase I study was designed to determine the maximum tolerated dose (MTD) and safety of BAY 50-4798, screen for tumor response, and assess pharmacokinetics. Experimental Design: Forty-five patients with metastatic melanoma or renal cancer were enrolled, 31 on escalating doses to determine the MTD, with 20 renal cell carcinoma patients treated at MTD to detect antitumor activity. BAY 50-4798 was delivered i.v. every 8 h, days 1 to 5 and 15 to 19, and could be repeated after 9 weeks if tumor was stable or responding. Results: The MTD was defined by and reported in terms of doses received. The doses tested ranged from 1.3 to 26.1 Ag/kg, and the MTD was defined as 10.4 Ag/kg based on toxicities similar to those of aldesleukin.Two patients achieved partial responses, one with melanoma and one with renal cell carcinoma. Among all 45 patients, 53% and 9% experienced a grade 3 and 4 toxicity, respectively. Among the patients treated at the MTD of 10.4 Ag/kg, 71% and 10% experienced a grade 3 and 4 toxicity, respectively. Pharmacokinetics showed dose-dependent peak concentrations (C max ) and area under the curve with a half-life of f2 h and no evidence of accumulation. Lymphocyte subset analysis confirmed the preferential expansion of T-cell subsets over natural killer cells. Conclusions: The antitumor activity of BAY 50-4798 in malignancies that respond to high-dose interleukin-2 was low. BAY 50-4798 might provide advantages over aldesleukin in antigenspecific immunotherapies.
High-dose bolus interleukin-2 (IL-2; aldesleukin) is approved by the U.S. Food and Drug Administration as a single agent treatment for metastatic melanoma and renal cell carcinoma (RCC). Different exposure levels and dosing schedules with human IL-2 promote different effects on tumor cells depending on the cell type, its IL-2 receptors, and the cellular microenvironment (1) . For advanced RCC and melanoma, i.v. treatment with high doses of aldesleukin has provided reproducible antitumor activity (2 -4) . This therapy induced partial plus complete tumor responses in 15% to 20% of patients and durable complete responses in 5% to 7% of patients with either melanoma or RCC (2 -5) . However, the relatively low objective response rates and high incidence of end-organ toxicities associated with high-dose aldesleukin have made it difficult to administer to many patients with these advanced cancers (6, 7) . These same drawbacks have provided the impetus for developing related molecules with more favorable therapeutic indices. However, success in these endeavors relies on a better understanding of the precise mechanisms of antitumor activity and toxicity as well as effective and safe strategies for their modulation.
It is believed that, even in the absence of an active vaccination strategy, most of the antitumor activity of human IL-2 derives from its stimulation of T cells, whereas most of its toxicities are mediated largely by the release of inflammatory molecules by natural killer (NK) cells (8) . BAY 50-4798 is an IL-2 analogue featuring a single amino acid substitution (arginine for asparagine at position 88) that alters its binding to the high-affinity IL-2 receptor on T cells and the loweraffinity receptor on NK cells. This results in a preferential activation of T cells over NK cells that is 3,000-fold higher than observed with aldesleukin (9 -11) . Data from primate models show a superior safety profile for BAY 50-4798 over aldesleukin at doses and schedules that provide equivalent activation of T lymphocytes (12, 13) . In rodent models, the antitumor activity was similar at equivalent doses for aldesleukin and BAY 50-4798, whereas toxicity was less for BAY 50-4798 (13 -15) .
This suggests that therapeutic efficacy can be separated from treatment toxicity using a molecule with preferential binding characteristics to the IL-2 receptor of T cells over that of NK cells (8, 16) .
The standard approach to high-dose aldesleukin therapy for solid tumors involves the administration of aldesleukin at fixed doses and intervals until the development of individual patient-specific dose-limiting toxicity (DLT), which is subsequently managed by aggressive supportive measures and withholding of full doses without dose compensation or dose adjustment during the treatment cycle. This study presents results from the first-in-human trial of BAY 50-4798 and is composed of a phase I investigation to determine the maximum tolerated dose (MTD) and pharmacologic and safety profile followed by an extension phase with the goal of evaluating anticancer activity in patients with advanced RCC. The doses chosen for evaluation were based in part on data showing the equivalence of BAY 50-4798 and aldesleukin for the high-affinity IL-2 receptor on T lymphocytes. The standard dose of aldesleukin used in ''high-dose IL-2'' regimens is 6 Â 10 5 IU/kg or 33 Ag/kg. Toxicity data from the monkey model showed a MTD of 8 Ag/kg (data on file, Bayer). To provide a 6-fold safety advantage, we therefore selected a starting dose of 1.3 Ag/kg/dose. The goal of this study was to take advantage of the extreme selectivity of this molecule for the high-affinity T-cell IL-2 receptor over the lower-affinity NK cell IL-2 receptor and thus to escalate the dose to the range used for aldesleukin or even higher, with less toxicity and potentially greater efficacy.
Materials and Methods

Patient selection
Patient eligibility criteria included histologically confirmed malignancy for which curative or palliative measures had failed or were considered ineffective, Eastern Cooperative Oncology Group performance status of 0 or 1, life expectancy of at least 12 weeks, age z18 years, good organ function (WBC count z3,500/AL, platelets z100,000/AL, hemoglobin z9 g/dL, serum transaminases V2 Â the institutional upper limit of normal, serum bilirubin <1.5 Â the upper limit of normal, serum creatinine V1.5 Â the upper limit of normal, or calculated clearance 60 mL/min), and adequate pulmonary function (forced expired volume in 1 s z2.0 L or 75% of that predicted for height and weight). Exclusion criteria included more than two prior chemotherapy or biological therapy regimens or any prior IL-2; any systemic anticancer therapy within 3 weeks of study entry; adrenal insufficiency requiring replacement steroid therapy; history of significant cardiac disease; history of central nervous system metastases or seizure disorder, autoimmune disease, or any other significant medical or psychiatric illness; or anticipated need for steroid therapy. All patients over the age of 50 years or with any cardiac risk factors were required to undergo cardiac stress testing. Patient characteristics at baseline are presented in Table 1 .
Study design
The primary objective of this phase I study was to determine the MTD and define the safety profile of BAY 50-4798 when given as a single agent to patients with advanced, refractory solid tumors. Secondary objectives included evaluation of pharmacokinetics and tumor response in patients treated with BAY 50-4798. A maximum of two additional courses could be administered to patients with evidence of antitumor activity and adequate tolerance of therapy. Toxicities were assessed according to the National Cancer Institute Common Toxicity Criteria version 2.0. Before escalation to the next dose level, all patients from the previous dose level were required to have completed the first course and recovered from any treatmentrelated toxicities. Intrapatient dose escalation was not permitted. For patients with evidence of antitumor activity who tolerated therapy well, a maximum of two additional courses could be administered.
Because this trial was based on principles used to guide high-dose IL-2 therapy, the method for identifying DLT was based on the total number of doses tolerated without surpassing the toxicity threshold. This toxicity threshold for withholding one or more doses of BAY 50-4798 was lower than that used for withholding doses of high-dose aldesleukin. One or more doses of BAY 50-4798 were withheld if patients experienced grade 3 toxicity on the National Cancer Institute Common Toxicity Criteria version 2, and the number of doses tolerated by patients in each dose level cohort was used to decide about escalation of the dose for the subsequent cohort as illustrated in Fig. 1 .
Dose-escalation phase. BAY 50-4798 was administered to successive patient cohorts in a dose-escalating fashion to identify the MTD using a traditional three or six patient-per-cohort design. The starting dose (1.3 Ag/kg) was calculated based on preclinical toxicology studies as one sixth of the highest nonlethal dose in monkeys, the most sensitive species that had undergone testing.
Three patients were initially treated at each dose level. Dose levels were doubled in successive cohorts until at least one patient had received fewer than 25 doses in the first course because of toxicity related to BAY 50-4798. After an initial DLT was documented, dose escalation proceeded according to a modified Fibonacci series, in which the dose was increased by a factor of 167%, 150%, 140%, and then 133% of the prior dose for all subsequent levels. Among the six-patient cohorts, the MTD was exceeded if at least three patients received only 19 to 24 doses or one received 19 to 24 doses and one received fewer than 19 doses. If the MTD was not exceeded in a 3-patient cohort, up to three additional patients were enrolled. The MTD was then defined as the highest dose level in a six-patient cohort that did not meet these DLT criteria.
RCC extension phase. The study then evaluated BAY 50-4798 therapy in an extension phase at the identified MTD in RCC patients to obtain a detailed safety profile and a preliminary estimate of antitumor activity. A total of 20 RCC patients was treated at MTD, 6 from the initial dose-escalation phase and 14 subsequent patients during the extension phase.
Clinical assessment
Cardiac and pulmonary eligibility tests and tumor measurements were required within 28 days before initiation of therapy. Laboratory measurements were taken within 14 days before initiation of therapy. During treatment, all patients were required to have complete blood counts and 18-parameter serum chemistry panels daily. Prothrombin time, prothrombin time-international normalized ratio, partial thromboplastin time, and urinalysis were done on days 1, 4, 15, and 18 before the first dose of the day during the first course of therapy and on days 1 and 15 for subsequent courses.
Safety. All adverse events pertinent to the safety profile of BAY 50-4798 were recorded, and an assessment was made of the severity, intensity, and possible relationship to the study drug. Physical examinations, vital sign data, and laboratory tests were also closely monitored exactly as for high-dose aldesleukin.
Tumor response. Tumor assessments were done at weeks 7 and 11 (approximately 4 and 8 weeks after completion of the first course), and response was assessed according to the Response Evaluation Criteria in Solid Tumors criteria. A maximum of two additional courses, at the same dose level, could be administered to patients with any evidence of antitumor activity, including stable disease. The same method of assessment and the same technique were used to characterize each lesion at baseline and at follow-up.
Pharmacokinetics and pharmacodynamics. To evaluate the pharmacokinetics of BAY 50-4798, blood samples were collected before therapy on + cells) and of the mean fluorescence intensity of these cells, reflecting their activation by BAY 50-4798, was also determined. To assess serum IgG antibody (the assay did not test IL-2 neutralization by antibody) to BAY 50-4798, serum was drawn before therapy (day 1) and at day 23 and day 45 in the first course of therapy and at day 100 (day 23 in the second course of therapy). All serum samples were analyzed using ELISA assays at ALTA Analytical Laboratory. 
Statistical analysis
This was a phase I safety and tolerability trial conducted to determine the MTD of BAY 50-4798. In addition, tumor response and pharmacokinetics were also evaluated as secondary objectives. For the safety analysis, incidence rates of adverse events, drug-related adverse events, and hematologic/biochemical toxicities were summarized based on National Cancer Institute Common Toxicity Criteria version 2 worst grade by dose level. In addition, time to progression and overall survival were summarized using a Kaplan-Meier method.
For the pharmacokinetic analysis, descriptive statistics of plasma concentrations at each sampling time were presented by dose level as were descriptive statistics for derived pharmacokinetic variables. In addition, the ratio of plasma concentration at day 19 to day 1 was evaluated for AUC and C max to determine the extent of accumulation. A descriptive summary of biomarker and antibody data was presented by dose level.
The sample size was based on the standard phase I design of toxicity assessment. The enrollment of 20 patients with RCC at the expanded MTD level of BAY 50-4798 provided additional data for clinical evaluation of the safety profile and to screen for anticancer activity in this patient population. Table 1 . Only nine patients had received prior therapy for metastatic disease, six of whom received only one prior treatment. The only cytokine therapy received by these patients was IFN-a.
Results
MTD and safety. In the first phase of the study, the dose of BAY 50-4798 was escalated from 1.3 to 26.1 Ag/kg across six dose levels according to the schema shown in Fig. 1 . Although the protocol required withholding doses of BAY 50-4798 on the occurrence of any grade >3 toxicity, some of these toxicities did not occur until patients had already received all or nearly all of the 28 planned doses in the first course. Therefore, although the schema shown in Fig. 1 for escalating the dose level and expanding cohorts from three to six patients was followed closely, the final designation of the MTD was based on a composite of the toxicities reported and the number of doses received at the three highest doses studied. The number of patients and the number of courses for each dose level are shown in Table 2 . The MTD was defined as 10.4 Ag/kg during the doseescalation phase based on dose withholding for grade 3 hyponatremia (one patient), creatinine elevation (one patient), and atrial fibrillation (one patient; Table 3A ). Toxicity data from the 14 additional RCC patients treated in the extension phase at that dose, shown in Table 3B , confirmed the selection of 10.4 Ag/kg as the MTD and that which would be recommended for further study. Overall, the toxicities of BAY 50-4798 were considered dose related, and the pattern of these multisystem effects was qualitatively similar to those of aldesleukin.
After the first course, 12 patients developed significant increases in BAY 50-4798 antibodies, with peak antibody titers of 5-fold (eight patients), 125-fold (three patients), and 625-fold (one patient) elevation over baseline at various time points. There was no clinical toxicity consistently associated with antibody development. None of the seven patients treated at the two lowest dose levels developed antibodies, and there was no trend toward a dose-dependent increase in antibody titer.
Tumor response. Of the 20 patients in the RCC extension phase, 1 had confirmed partial response lasting f4 months, 13 had stable disease for at least 2 months as their best response (1 of these patients remains progression-free at 5+ years following protocol therapy), and 6 had progressive disease. The median (25th, 75th percentiles) time to progression was f2.5 (range, 2-6) months. Among all 45 patients receiving BAY 50-4798, 2 (4%) had confirmed partial response (including the RCC patient described above and an additional patient with melanoma treated at the highest dose who experienced a transient 2.5-month partial response). Among all 45 study patients, 51% had stable disease for at least 2 months, whereas 20 (44%) patients had progressive disease after one course of treatment. The median (25th, 75th percentiles) time to progression was f2.5 (range, 1.5-4.5) months.
Pharmacokinetics. Pharmacokinetic results of BAY 50-4798, shown in Table 4 , were assessed in all patients in the doseescalation phase. In these patients, BAY 50-4798 C max and AUC (0) (1) (2) (3) (4) (5) (6) (7) (8) values generally seemed to show a proportional increase with increasing dose on both day 1 and day 19 after multiple dosing. At treatment doses ranging from 1. BAY 50-4798 did not seem to accumulate in the plasma after multiple dosing with increased dosage based on the day 19 to day 1 ratio for both C max and AUC (0) (1) (2) (3) (4) (5) (6) (7) (8) . BAY 50-4798 was rapidly cleared from human plasma with a short half-life in this study. This ranged from 1.45 to 2.70 h.. The treatment also seemed to show moderate to high interpatient pharmacokinetic variability. Figure 2 displays plasma concentrations over time for patients at the MTD of 10.4 Ag/kg. Pharmacodynamics (lymphocyte subset analysis by dose level). Results from the pharmacodynamic analysis revealed a dose-dependent increase in all lymphocyte subsets. Fig. 3 shows maximum percentage charge for values that peaked on days 8 and 23, consistent with the expected time course of IL-2 effects. Interestingly, whereas the mean fluorescence intensity of CD4/CD25 and CD8/CD25 cells increased modestly with increasing dose of BAY 50-4798, the mean fluorescence intensity for NK/CD122 cells (NK cells expressing the intermediate-affinity IL-2h receptor) did not seem to increase. We believe that this was consistent with the intended pharmacologic activity of BAY 50-4798 to selectively activate T lymphocytes over NK lymphocytes through differences in binding to their IL-2 receptors.
Discussion
The use of high-dose aldesleukin therapy in patients with advanced cancer has been limited to those who have essentially normal organ function and a good performance status, enabling them to tolerate the temporary but severe multiorgan toxicities (9, 17 -19) . Furthermore, only 15% to 25% of patients with ''sensitive'' tumors achieve an objective response to this therapy, and fewer than half of these responders enjoy durable complete responses (6, 20) .
It is probable that high-dose aldesleukin treatment acts, in part, by an antigen-independent stimulation of NK cells to develop cytotoxicity against tumor cells. These tumor cells may or may not possess the elements required to target them for antigen-specific T-cell -mediated cytotoxicity, such as expression of class I major histocompatibility determinants, immunodominant peptide epitopes, and various accessory and signaling molecules (8, 17, 19) . However, the important interactions between the cells and cytokines of the ''innate'' immune system, and those acquired by optimal immunization, raise the possibility that the long-term control of tumors requires a highly antigen-specific memory T-cell response. Despite the rapidly expanding understanding of the cellular and molecular components of these complex systems, the success of antigenspecific immunotherapy strategies has been limited. The endogenous or acquired mechanisms of escape, resistance, and other variables diminishing an effective antitumor immune response have outpaced therapeutic advances (20, 21) .
Alterations of the IL-2 molecule that result in preferential activation of T cells, using their high-affinity IL-2 receptor, over NK cells, through their intermediate-affinity IL-2 receptor, could lead to enhanced antigen-specific T-cell responses over NK responses. NK cells are believed to be the predominant source of large quantities of the ''secondary'' cytokines and inflammatory mediators that cause most of the toxicities of high-dose human IL-2 and aldesleukin (1). Therefore, if T-cell responses were sufficient for the antitumor activity of BAY 50-4798, this would result in an improvement in the therapeutic ratio of IL-2. In the absence of active vaccination, these responses would have to develop from preexisting immune responses that are stimulated effectively by the exposure to large doses of exogenous IL-2. Paradoxically, it is possible that, as suggested by substantial published data, NK cells are the essential antitumor effectors and that the toxicities of high-dose aldesleukin cannot be separated from the therapeutic benefit of activating and expanding these cells (23) .
Although proof of this mechanism of activity has been difficult to demonstrate, even in the setting of active, antigenspecific immunization studies in patients with cancer, the successful achievement of durable complete responses in some patients suggests that human IL-2 and high-dose aldesleukin therapy are capable of promoting an effective memory response against tumor antigens (2 -5) . Further evidence of antigenspecific immune reactions induced by nonspecific immunotherapeutic interventions in cancer patients is seen in conditions such as autoimmune thyroiditis and colitis, provoked by IL-2 and anti-CTLA4 antibody therapy for melanoma (23, 24) .
In this study, pharmacodynamic results have confirmed the anticipated differential activation of T cells over NK cells with BAY 50-4798. Overall, the specific findings in this trial also confirmed that doses of BAY 50-4798 could be escalated to the equivalent of one half to one third that of high-dose aldesleukin, which normally involves dose administration to maximum tolerable grade 3 to 4 toxicities, sometimes in multiple organ systems. In this patient population, treatment with the higher doses of BAY 50-4798 was stopped on development of grade 3 toxicity. However, the effects on lymphocytes, as measured in this study, were not sufficiently potent to confirm the hypothesis that this approach has promise in the current design of clinical treatment strategies. This study has shown a qualitative similarity between the toxicities emerging at the highest BAY 50-4798 dose levels and those of high-dose aldesleukin (17, 19) , suggesting that T cells are partially responsible for the toxic secondary inflammatory mediators resulting from aldesleukin therapy or that the selectivity for the higher-affinity IL-2 receptor on T cells over the lower-affinity IL-2 receptor on NK cells is not absolute or is diminished at the doses used in this study. Despite the fact that patients in this trial were relatively untreated, compared with those who participate in traditional phase I trials of cytotoxic agents, and despite the similarities of this investigational molecule to aldesleukin, we found that, in the cohort of 20 patients with advanced RCC who were treated at the MTD, there was insufficient antitumor activity to support further evaluation of BAY 50-4798. 11 Although we observed low antitumor activity of this agent as a substitute for high-dose IL-2 in RCC, the possibility that BAY 50-4798 could provide advantages over aldesleukin in antigen-specific immunotherapeutic strategies was not tested. We recommend that any further investigation of this agent be focused on T-cell -based, antigenically defined systems.
